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,QWHUQDWLRQDO&RQIHUHQFHRQ&RPSXWDWLRQDO+HDWDQG0DVV7UDQVIHU
$Q,QYHVWLJDWLRQRQ7KHUPDO&RQGXFWLYLW\RI*UDSKLWH)LOOHG3$
&RPSRVLWHV
/DNVKPL6ULQLYDV&KD1DUD\DQD&KRZGDU\'E6ULQDJ7F5DJKDYHQGUD*G
DE%DSDWOD(QJLQHHULQJ&ROOHJH%DSDWOD$QGKUD3UDGHVK,QGLD
F3936,79LMD\DZDGD$QGKUD3UDGHVK,QGLD
G1,7:DUDQJDO7HODQJDQD6WDWH,QGLD
$EVWUDFW
7KHSUHVHQWVWXG\LVDLPHGWRILQGHIIHFWRIJUDSKLWHILOOHURQWKHWKHUPDOFRQGXFWLYLW\RI3$FRPSRVLWHV7KHUPDOFRQGXFWLYLW\
WHVWVZHUHFRQGXFWHGDVSHU$670(XVLQJJXDUGHGKHDW IORZPHWHU ,WZDV IRXQG WKDWJUDSKLWH UHLQIRUFHPHQW LQ3$
VLJQLILFDQWO\ LPSURYHG WKH WKHUPDO FRQGXFWLYLW\ DQG WKHUPDO GLIIXVLYLW\RI WKH FRPSRVLWHV7KH H[SHULPHQWDOYDOXHRI WKHUPDO
FRQGXFWLYLW\ RI WKH SURSRVHG FRPSRVLWHV LV FRPSDUHG ZLWK GLIIHUHQW WKHRUHWLFDO PRGHOV 7KH UHVXOWV LQGLFDWH WKDW *UDSKLWH
UHLQIRUFHPHQWLQ3$FDQEHDSRWHQWLDOFRPSRVLWHPDWHULDOIRUIULFWLRQFRPSRQHQWVLQKHDWPDQDJHPHQWDSSOLFDWLRQVVXFKDV
JHDUVDQGEHDULQJV

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHRUJDQL]LQJFRPPLWWHHRI,&&+07±
.H\ZRUGV3$FRPSRVLWHVJUDSKLWHWKHUPDOFRQGXFWLYLW\WKHUPDOGLIIXVLYLW\
 ,QWURGXFWLRQ
3RO\PHU FRPSRVLWHV DUH EHLQJZLGHO\ XVHG LQPDQ\ DSSOLFDWLRQV VXFK DV JHDUV EHDULQJV DQG VHDOV RI YDULRXV
PDFKLQHV$VSRO\PHUVDUHFRQVLGHUHGWREHLQVXODWRUVWKH\SRVHSUREOHPVLQGLVVLSDWLRQRIKHDWIURPWKHIULFWLRQ
FRQWDFW ]RQH RI WKHPDWLQJ FRPSRQHQWV9DULRXV UHVHDUFKHUV LQYHVWLJDWHGPHWKRGV WR LPSURYH WKH VWUHQJWKRI WKH
SRO\PHUJHDUVDQGKHQFHLPSURYHWKHOLIHF\FOHWLPH7KHPDLQUHDVRQIRUWKHIDLOXUHRISRO\PHUJHDUVLVWKHKHDW
DFFXPXODWLRQDWWKHFRQWDFW]RQH([WHQVLYHVWXGLHVZHUHFDUULHGRXWWRLPSURYHWKHKHDWGLVVLSDWLRQDWWKHFRQWDFW


&RUUHVSRQGLQJDXWKRU7HOID[
(PDLODGGUHVVFKOVEHF#JPDLOFRP
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICCHMT – 2015
1309 Lakshmi Srinivas.Ch et al. /  Procedia Engineering  127 ( 2015 )  1308 – 1314 
]RQH>@,QDOOWKHVHFDVHVWKHIRFXVZDVRQFKDQJLQJWKHGHVLJQRIJHDUWHHWKSURILOHLQRUGHUWRLQFUHDVHWKHKHDW
GLVVLSDWLRQRI WKHSRO\PHUFRPSRVLWHV ,QUHFHQW\HDUVPDQ\FRPSRVLWHPDWHULDOVKDYHEHHQ LQYHVWLJDWHG WRPDNH
WKHUPDOO\ FRQGXFWLYH SRO\PHUV 7KH\ LQFOXGH ILOOHUV VXFK DV FDUERQ EODFNV FDUERQ ILEHUV JUDSKLWH YDSRU JURZQ
FDUERQ ILEHUV 9*&) DQG FDUERQ QDQRWXEHV >@*UDSKLWH EDVHG UHLQIRUFHPHQWV RIIHU WKH SRWHQWLDO WR GHYHORS
PDWHULDOVZLWKH[FHOOHQWPHFKDQLFDOHOHFWULFDODQGWKHUPDOSURSHUWLHV>@
7KLV SDSHU IRFXVHV RQ WKHUPDO FRQGXFWLYLW\ FKDUDFWHUL]DWLRQ RI JUDSKLWH ILOOHG 3$ FRPSRVLWH PDWHULDO DQG
SRVVLEO\DVXLWDEOHPDWHULDOLQKHDWPDQDJHPHQWDSSOLFDWLRQVDQGWRLPSURYHWKHOLIHRIWKHFRPSRQHQW
 ([SHULPHQWDOGHWDLOV
0DWHULDOV
$FRPPHUFLDOO\DYDLODEOH3$=\WHO/1&LQSHOOHWIRUPDQGKDYLQJDGHQVLW\RIJFPVXSSOLHG
E\06'XSRQW ,QGLD LVXVHGDVDPDWUL[PDWHULDO*UDSKLWHSRZGHUZLWKDQDYHUDJHSDUWLFOH VL]HRIȝPDQGD
GHQVLW\RIJFPZDVVXSSOLHGE\0V%3&KHPLFDOVXVHGDVUHLQIRUFHPHQW7KHGHWDLOVRIWKHFRPSRVLWHVDUH
OLVWHGLQ7DEOH
7DEOH&RPSRVLWHVXVHGIRUWKHSUHVHQWVWXG\
6DPSOH&RGH 3$ZW *UDSKLWHZW
3$*  
3$*  
3$*  
3$*  
3UHSDUDWLRQRI&RPSRVLWH6DPSOHV
7KH3$SHOOHWVDQGWKHJUDSKLWHSDUWLFOHVZHUHILUVWGULHGDW&IRUKRXUVLQDQDLUFLUFXODWHGRYHQ7KH
YDU\LQJDPRXQWVRIJUDSKLWHSRZGHUYL]DQGE\ZHLJKWDUHDGGHGZLWK3$WKRURXJKO\PL[HGLQ
KLJKVSHHGJULQGHUDQGDUHIXUWKHUPHOWPL[HGLQDFRURWDWLQJLQWHUPHVKWZLQVFUHZH[WUXGHUZKLFKKDVDQ/'UDWLR
7KHVFKHPDWLFGLDJUDPRIWKHWZLQVFUHZH[WUXGHULVVKRZQLQ)LJ7KHH[WUDGLWHLVWKHQTXHQFKHGLQDZDWHU
WDQNDQG WKHQSHOOHWL]HG7KH UHVXOWLQJ3$JUDSKLWH FRPSRVLWHPL[HUVZHUH VXEVHTXHQWO\ LQMHFWLRQPROGHG LQ D
PLFURSURFHVVRUEDVHG LQMHFWLRQPROGLQJPDFKLQH ILWWHGZLWKDVWDQGDUGPRXOGFRQWDLQLQJ WKHFDYLW\ IRU VSHFLPHQ
VDPSOHV

)LJ6FKHPDWLFGLDJUDPRID7ZLQ6FUHZ([WUXGHU
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7HVWGHWDLOV
7KHUPDO FRQGXFWLYLW\ WHVWV ZHUH FRQGXFWHG DV SHU $670 ( VWDQGDUGV XVLQJ JXDUGHG KHDW IORZ PHWHU
8QLWKHUP0RGHO$QWHU&RUSRUDWLRQ3LWWVEXUJK3$7KHVFKHPDWLFVHWXSRIWKHJXDUGHGKHDWIORZPHWHULV
VKRZQLQ)LJ7KLVXQLWLVVXSSOLHGZLWKDPLGUDQJHIOX[PRGXOHFRYHULQJDWKHUPDOUHVLVWDQFHUDQJHIURPWR
P.:DQG LV DEOH WRPHDVXUH WKH WKHUPDO FRQGXFWLYLW\ RIPDWHULDOV LQ WKH UDQJH RI  ± :P.7KH
VSHFLPHQVDPSOHVDUHPPGLDPHWHUDQGPPWKLFN7KHWHVWVZHUHFRQGXFWHGIURP57WR&


)LJ6FKHPDWLFPRGHORIV\VWHPDUUDQJHPHQWLQ8QLWKHUP

$VVKRZQLQ)LJWKHDVVHPEO\LVDVWDFNRISDUWVZLWKGLIIHUHQWIXQFWLRQDOLWLHV7KHKHDWHURQWRSDQGERWWRP
KHOSVWRPDLQWDLQVWHDG\VWDWHKHDWWUDQVIHUWKURXJKWKHVDPSOHWZRSROLVKHGVXUIDFHVRQWRSDQGERWWRPWKHVDPSOH
WUDQVIHU KHDW IURP WRS DQG ERWWRP RI KHDWHUV ZLWK UHGXFHG WKHUPDO UHVLVWDQFH WKURXJK VXUIDFH $ UHIHUHQFH
FDORULPHWHULVSODFHGXQGHUWKHORZHUSODWHZKLFKDFWVDVDKHDWIOX[WUDQVGXFHU7KHKHDWVLQNDWWKHERWWRPDYRLGV
H[FHVVLYHWHPSHUDWXUHIURPWKHV\VWHP7KHVDPSOHLVFRPSUHVVHGLQEHWZHHQWKHSROLVKHGVXUIDFHVHDFKFRQWUROOHG
DWGLIIHUHQWWHPSHUDWXUHVXVLQJSQHXPDWLFORDG7KHSUHVVXUHLVPDLQWDLQHGDWSVLXVLQJSUHVVXUL]HGDLUVXSSO\

$FLUFXODUORZWHPSHUDWXUHKHDWLQVXODWLRQULQJLVZUDSSHGDURXQGWKHORZHUVWDFNRIWKHDVVHPEO\WRUHVWUDLQKHDW
IORZ WRRXWVLGHDWPRVSKHUH7KHHQWLUH V\VWHP LVPDLQWDLQHG LQD WKHUPDOO\ LQVXODWHGJODVVFKDPEHU8QLWKHUP LV
FRPSOHWHO\ DXWRPDWLF ZKLOH WHVWLQJ DV WKH DSSDUDWXV LV FRPSOHWHO\ FRQWUROOHG E\ D FRPSXWHU 7KH WHVW V\VWHP LV
KRRNHGWRWKHFRPSXWHUE\PHDQVRIDQ86%FDEOH7KHVDPSOHLVSUHSDUHGLQWRDIODWVXUIDFHRQERWKVLGHVDQG
WKHUPDOFRPSRXQGLVDSSOLHGRQWKHVDPSOHWRUHGXFHWKHUPDOUHVLVWDQFHFDXVHGGXHWRVXUIDFHURXJKQHVV7KHQWKH
SUHSDUHGVDPSOHLVSODFHGLQEHWZHHQWZRSROLVKHGVXUIDFHVDQGDSQHXPDWLFSUHVVXUHRISVLLVDSSOLHGRQWKHWRS
SRUWLRQRIWKHVWDFN7KHV\VWHPFKHFNVIRUVWHDG\VWDWHKHDWIORZWKURXJKWKHVDPSOHDQGGDWDZDVUHFRUGHG
2SHUDWLRQ3ULQFLSOHRI8QLWKHUP
%\GHILQLWLRQRI WKHUPDOFRQGXFWLYLW\PHDQV³7KHPDWHULDOSURSHUW\WKDWGHVFULEHVWKHUDWHDWZKLFKKHDWIORZV
ZLWKLQDERG\IRUDJLYHQWHPSHUDWXUHFKDQJH´
)RURQHGLPHQVLRQDOKHDWFRQGXFWLRQWKHIRUPXODFDQEHJLYHQDV
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ܳ ൌ ܭܣ ͳܶെܶʹ
ݔ
          
:KHUH4LVWKHKHDWIOX[:.LVWKHWKHUPDOFRQGXFWLYLW\:P.$LVWKHFURVVVHFWLRQDODUHDP77LVWKH
GLIIHUHQFHLQWHPSHUDWXUH.[LVWKHWKLFNQHVVRIWKHVDPSOHP
7KHWKHUPDOUHVLVWDQFHRIWKHVDPSOHFDQEHJLYHQDV
 ܴ ൌ ͳܶെܶʹ
ܳ ܣΤ
         
:KHUHµ5¶LVWKHUHVLVWDQFHRIWKHVDPSOHEHWZHHQKRWDQGFROGVXUIDFHVP.:
)URPHTXDWLRQVDQGZHFDQGHULYHWKDW
 ܭ ൌ ݔ
ܴ
          
,QXQLWKHUP WKHKHDW IOX[ WUDQVGXFHUPHDVXUHV WKH4YDOXH DQG WKH WHPSHUDWXUHGLIIHUHQFH FDQEHREWDLQHG
EHWZHHQWKHXSSHUSODWHDQGORZHUSODWH7KXVWKHWKHUPDOUHVLVWDQFHFDQEHFDOFXODWHGEHWZHHQWKHXSSHUDQGORZHU
VXUIDFHV*LYLQJWKHLQSXWYDOXHRIWKLFNQHVVDQGWDNLQJWKHNQRZQFURVVVHFWLRQDODUHDWKHWKHUPDOFRQGXFWLYLW\FDQ
EHFDOFXODWHGXVLQJHTXDWLRQ
$OVRWKHVSHFLILFKHDWRIWKHVDPSOHLVJLYHQE\WKHUHODWLRQ
 ܳ ൌ ݉ܥ݌οܶ         
:KHUHPLVWKHPDVVRIWKHVDPSOHJP&SLVWKHVSHFLILFKHDW-JPN¨7LVWKHWHPSHUDWXUHGLIIHUHQFHEHWZHHQ
7DQG7
7KHWKHUPDOGLIIXVLYLW\RIWKHVDPSOHLVJLYHQE\
 ߙ ൌ ܭ
ߩܥ݌
          
:KHUHĮLVWKHWKHUPDOGLIIXVLYLW\PPVȡLVWKHGHQVLW\JPFF
)URPHTXDWLRQVDQGWKHWKHUPDOFRQGXFWLYLW\WKHUPDOGLIIXVLYLW\DQGVSHFLILFKHDWRIWKHVDPSOHVZHUH
FDOFXODWHG  7KH V\VWHPZLOO UHFRUG WKHVH YDOXHV GLUHFWO\ ZLWK WKH WHPSHUDWXUH YDULDWLRQ E\ JLYLQJ LQSXWV RI WKH
VDPSOHWKLFNQHVVDQGGHQVLW\
(PSLULFDOPRGHOVIRUSUHGLFWLRQRIWKHUPDOFRQGXFWLYLW\LQFRPSRVLWHV\VWHPV
7KHUHDUHDTXLWHODUJHQXPEHURIHPSLULFDOPRGHOVIRXQGLQOLWHUDWXUHIRUSUHGLFWLRQRIWKHUPDOFRQGXFWLYLW\LQ
FRPSRVLWHV\VWHPV

)RUDWZRSKDVHV\VWHPLQYROYLQJSDUWLFXODWHILOOHGSRO\PHUFRPSRVLWHWKHUPDOFRQGXFWLYLW\FDQEHFDOFXODWHGE\
+DPLOWRQDQG&URVVHULVJLYHQE\>@

 ݇݁ ൌ ݇݉ ൤݂݇൅
ሺ݊െͳሻ݇݉ െሺ݊െͳሻ߶ሺ݇݉െ݂݇ሻ
݂݇൅ሺ݊െͳሻ݇݉ ൅߶ሺ݇݉െ݂݇ሻ
൨      

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 :KHUH NH LV WKH WKHUPDO FRQGXFWLYLW\ V\VWHP NP NI DUH WKH WKHUPDO FRQGXFWLYLWLHVRI WKHPDWUL[ DQG WKH
ILOOHUPDWHULDOUHVSHFWLYHO\ࢥLVYROXPHIUDFWLRQRIWKHILOOHUPDWHULDOµQ¶LVWKHHPSLULFDOFRQVWDQWDQGLVGHSHQGVRQ
WKHVSKHULFLW\RIWKHSDUWLFOHILOOHU

$QRWKHUPRGHOZKLFKEHVWVXLWVVROLGILOOHGFRPSRVLWHVJLYHQE\/HZLVDQG1LHOVHQIRUWKHSUHGLFWLRQRIWKHUPDO
FRQGXFWLYLW\LVH[SUHVVHGE\WKHIROORZLQJHTXDWLRQ>@

 ݇݁ ൌ ݇ ቂͳ൅ܣܤ߶ͳെܤ߶߰ቃ         

 :KHUH
ܤ ൌ
݂݇
݇݉
െ ͳ
݂݇
݇݉
൅ ܣ

 
  
߰ ൌ ͳ ൅ ቆ
ͳ െ ߶݉
߶݉
ʹ ቇ߶

7KHYDOXHVRI$ࢥPDUHFRQVWDQWVDQGGHSHQGHQWRQWKHJHRPHWU\DQGRULHQWDWLRQRIWKHILOOHUPDWHULDO
5HVXOWVDQGGLVFXVVLRQ
,QJHQHUDOWKHWKHUPDOFRQGXFWLYLW\RIDQDQLVRWURSLFFRPSRVLWHPDWHULDOGHSHQGVRQWKHPDWUL[PDWHULDOILOOHU
W\SH ILOOHU DUFKLWHFWXUH ILOOHU ZHLJKW IUDFWLRQ PDQXIDFWXULQJ WHFKQLTXH GLUHFWLRQ RI KHDW IORZ DQG RSHUDWLQJ
WHPSHUDWXUHZKLFKOHDGVWRKLJKGHJUHHRIFRPSOH[LW\

 

)LJ9DULDWLRQRIWKHUPDOFRQGXFWLYLW\ZLWKWHPSHUDWXUH

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
)LJ9DULDWLRQRIWKHUPDOGLIIXVLYLW\ZLWKWHPSHUDWXUH

 
)LJ9DULDWLRQRIVSHFLILFKHDWZLWKWHPSHUDWXUH


)LJ >@ VKRZV WKH WKHUPDO FRQGXFWLYLW\ WKHUPDO GLIIXVLYLW\ DQG VSHFLILF KHDW RI 3$*U FRPSRVLWHV DV D
IXQFWLRQ RI WHPSHUDWXUH UHVSHFWLYHO\ 7KHUPDO FRQGXFWLYLW\ RI 3$ LV VWHDGLO\ LQFUHDVHG ZLWK JUDSKLWH
UHLQIRUFHPHQWIURP:P.WR:P.7KHLQWHUFRQQHFWLYLW\RIWKHSDUWLFOHVLQWKHSRO\PHUPDWUL[SOD\V
DNH\UROHLQLPSURYLQJWKHWKHUPDOFRQGXFWLYLW\RIWKHFRPSRVLWHV>@

7DEOH  SUHVHQWV FRPSDULVRQ RI H[SHULPHQWDO WKHUPDO FRQGXFWLYLW\ YDOXHV ZLWK WKDW RI YDULRXV WKHRUHWLFDO
PRGHOVJLYHQE\HTXDWLRQV	,WVKRZVWKDWWKHUHVXOWVDUHUHDVRQDEO\LQJRRGDJUHHPHQWZLWKWKHWKHRUHWLFDO
YDOXHV
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7DEOH&RPSDULVRQRI7KHRUHWLFDODQGH[SHULPHQWDOYDOXHVIRUWKHUPDOFRQGXFWLYLW\
 7KHUPDO&RQGXFWLYLW\RIFRPSRVLWHV:P.
6DPSOH&RGH +DPLOWRQ&URVVHUPRGHO
7KHRUHWLFDOYDOXH
/HZLV1LHOVHQPRGHO
7KHRUHWLFDOYDOXH
([SHULPHQWDO
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